INTRODUCTION {#SEC1}
============

As an important epigenetic mechanism, post-translational modifications (PTMs) of histones or histone modifications combinatorially and dynamically constitute 'histone code', which accurately regulates a variety of DNA-templated processes such as gene transcription, chromosome segregation and DNA repair ([@B1]--[@B8]). Acetylation and methylation are two predominant types of histone modifications. Histone acetylation neutralizes the positive charges of lysine residues, disrupts the association between histones and DNA, and is a hallmark of open chromatin that can be more accessible to DNA and RNA polymerases as well as transcription factors, resulting in the activation of gene transcription ([@B3],[@B8]--[@B11]). Histone methylation mainly occurs on arginine and lysine residues, enhances the basicity and hydrophobicity of histone tails, influences the interaction affinity between DNA and transcription factors, and can either activate or repress gene expression ([@B3],[@B8],[@B11]--[@B14]). For example, the methylation of H3K4 and H3K36 is closely associated with transcriptional activation, whereas methylated H3K9 and H3K27 are highly correlated with gene repression ([@B11],[@B14]).

Histone acetylation and methylation are catalyzed, cleared and recognized by histone modifying enzymes ('writers'), histone demodifying enzymes ('erasers'), and acetyl- or methyl-binding proteins ('readers'), respectively ([@B3],[@B15]--[@B17]). For example, histone acetyltransferases (HATs), histone deacetylases (HDACs) and bromodomains can deposit, remove or interact with specific acetylation sites ([@B2],[@B6],[@B7],[@B9],[@B10],[@B18],[@B19]). For methylation, histone methyltransferases (HMTs), histone demethylases (HDMs) and a variety of functional domains such as chromodomain, PHD, ZF-CW and Tudor domains act as writers, erasers and reader proteins of methylation sites ([@B6],[@B7],[@B9],[@B12],[@B18],[@B20]). Histone acetylation and methylation are critically and precisely regulated, whereas the aberrances or mutations of histone modifications or regulators are highly associated with memory impairment, developmental defects and cancers ([@B11],[@B13]--[@B16],[@B21]). In this regard, the identification of histone modifications, regulators and site-specific regulator-histone relations is fundamental for understanding the molecular mechanisms and regulatory roles of the histone code.

Recently, due to the rapid progress in the development of high-throughput techniques such as quantitative mass spectrometry and highly potent antibodies ([@B22],[@B23]), a large number of new histone PTMs including acetylation and methylation sites were characterized ([@B1],[@B4],[@B20],[@B24]). Thus, the collection of histone modifications together with their cognate regulators has emerged to be a great challenge. Currently, there have been four major databases developed for histones and histone modifications, including HHMD, Hlstome, dbHiMo and HistoneDB ([@B25]--[@B28]). For example, HHMD collected 43 location-specific histone modifications in humans, focusing on the storage and integration of histone modification datasets ([@B25]), while Hlstome contained 55 human histones, 106 site-specific PTMs and 152 histone-modifying enzymes ([@B26]). The dbHiMo mainly focused on the identification of histone-modifying enzymes in fungi, whereas readers and site-specific histone modifications were not included ([@B27]). HistoneDB maintained histone sequences, structural annotations, for the exploration of histones and their variants ([@B28]). These data resources mainly focused on the collection of histone sequences and structures, or histone modifications in human and fungi, whereas an integrative database in eukaryotes is still lacking.

From the scientific literature, we first collected 584 experimentally identified histone regulators, including 72 HATs, 97 HDACs, 116 acetyl-readers, 112 HMTs, 76 HDMs and 156 methyl-readers from eight model organisms including *Homo sapiens, Mus musculus, Rattus norvegicus, Drosophila melanogaster, Caenorhabditis elegans, Arabidopsis thaliana, Schizosaccharomyces pombe* and *Saccharomyces cerevisiae* (Supplementary Table S1). For a better understanding of the histone code, we also collected 904 known site-specific regulator-histone relations of the eight species. Based on previously established rationales ([@B2],[@B6]--[@B10],[@B12],[@B18]--[@B20],[@B29]), we classified all known HATs, HDACs, acetyl-readers, HMTs, HDMs and methyl-readers into distinct protein families. In our results, there were 15 families for the histone acetylation system, and 32 families for histone methylation regulators. Using HMMER ([@B30]), we totally constructed 13 and 30 hidden Markov models (HMMs) for histone acetylation and methylation regulators at the family level, respectively. Then we systematically characterized 1077 HATs, 2408 HDACs, 3901 acetyl-readers, 3990 HMTs, 1610 HDMs and 10 685 methyl-readers from 148 eukaryotic species using the HMM profile of each family. Moreover, for four families without HMMs, the ortholog search was conducted to identify potential histone regulators. The detailed annotations from the Ensembl ([@B31]) and UniProt ([@B32]) databases were integrated, and the classification information was also provided. Finally, an integrative database of writers, erasers and readers of acetylation and methylation in eukaryotes (WERAM) was developed with 20 033 non-redundant histone regulators, including 1337 HATs, 2504 HDACs, 3901 acetyl-readers, 4409 HMTs, 1610 HDMs and 10 949 methyl-readers.

CONSTRUCTION AND CONTENT {#SEC2}
========================

Data collection {#SEC2-1}
---------------

Because too many scientific papers were published on histone modifications, here we mainly focused on the curation of the literature published since 2011. For histone acetylation, we used the PubMed Advanced Search Builder and built three filters, including '(histone acetyltransferase) NOT (histone acetyltransferase inhibitor)', '((((histone deacetylase \[Title/Abstract\]) OR HDAC \[Title/Abstract\]) NOT (histone deacetylase inhibitors) NOT histone deacetylase inhibitor) NOT histone deacetylase inhibition)', and (histone acetylation) AND (bromodomain or tandem PHD), and retrieved approximately 2500, 2000 and 150 papers, respectively. For histone methylation, we directly searched the PubMed using multiple keywords, such as 'histone methyltransferase', 'histone demethylase', 'histone methylation reader', 'histone methylation' and 'histone modification', and retrieved over 3000 abstracts in total. In addition, we also considered several important review articles published before 2011 ([@B2],[@B8],[@B11],[@B12],[@B17],[@B19],[@B29]). From the abstracts or full-length manuscripts, we manually curated 248 and 336 experimentally identified acetylation and methylation regulators, respectively (Supplementary Table S1).

For the 584 known histone regulators, the information of protein domains was taken from the annotations in UniProt database ([@B32]). The functional domains of all writers, erasers and readers were further examined by searching the Pfam database ([@B33]). Furthermore, we downloaded the complete proteome sets for 148 eukaryotes including 68 animals, 39 plants and 41 fungi, from Ensembl ([@B31]) (release version 84, <http://www.ensembl.org/>, under the directory of '/pub/release-84/fasta'), EnsemblPlants (release version 31, <http://plants.ensembl.org/>) and EnsemblFungi (release version 31, <http://fungi.ensembl.org/>), respectively. Because multiple variant nucleotide sequences or peptides can be originated from a single gene, we further used Ensembl Gene ID as the unique accession to eliminate the redundancy. For multiple alternatively splicing isoforms of a single gene, only the longest one was reserved.

The classification of histone regulators {#SEC2-2}
----------------------------------------

An accurate classification map of known histone regulators is greatly helpful for further identification of new proteins. As previously described ([@B2],[@B6]--[@B10],[@B18],[@B19],[@B29]), we manually classified collected HATs, HDACs and acetyl-readers into 15 families: (i) HATs have eight families, including p300_CBP, ELP3, GCN5, HAT1, HPA2, GNAT_other, MYST and HAT_other (unclassified HATs); (ii) HDACs contain five families, including Class-I, Class-II, SIR2, Class-IV and HD2; (iii) The acetyl-readers (Ac_Reader) were classified into two families such as Bromodomain, and Tandem-PHD containing at least two PHD domains in proteins (Figure [1](#F1){ref-type="fig"}).

![The detailed classifications of HATs, HDACs, Ac_Readers, HMTs, HDMs and Me_readers, together with a cut-off value of the proteome-wide identification for each family. The detailed parameters used for the hmmsearch program together with a summary of the testing data set were shown in Supplementary Table S2.](gkw1011fig1){#F1}

Also, based on experimental evidence ([@B6]--[@B9],[@B12],[@B18],[@B20]), we manually classified known HMTs, HDMs and methyl-reader into 32 families: (i) HMTs were clustered into 10 families, including SET1, SET2, RIZ, EZ, SUV39, SUV4-20, SMYD, PRMT, nonSET and HMT_other (unclassified HMTs); (ii) HDMs have eight families, including JARID, JHDM1, JHDM2, JHDM3_JMJD2, PHF2_PHF8, UTX_UTY, JmjC_only and LSD1_KDM1. The JmjC_only family contains HDMs with JmjC domains but not to be classified into any other families of the JmjC superfamily; (iii) The methyl-reader proteins (Me_Reader) were grouped into 14 families, including ADD, Ankyrin, BAH, Chromodomain, PHD, PWWP, TTD, Tudor, WD40, ZF-CW, Chromo-Barrel, MBT, DCD and Me_Reader_other (unclassified methyl-readers) (Figure [1](#F1){ref-type="fig"}).

Genome-wide identification of HATs, HDACs, HMTs, HDMs and reader proteins {#SEC2-3}
-------------------------------------------------------------------------

For families with ≥3 member genes, the catalytic domain sequences of HATs, HDACs, HMTs and HDMs, or PTM-binding domain sequences of acetyl-readers and methyl-readers were first aligned for each family separately with MUSCLE (<http://www.drive5.com/muscle/>, version 3.8.31), an extensively used tool for multiple sequence alignment ([@B34]). An illustration of aligned domain sequences was shown for four histone regulator families, including HAT/GCN5, HDAC/Class-IV, HMT/SET2 and HDM/JHDM3_JMJD2 (Supplementary Figure S1). HMM models of 569 known histone regulators were then constructed at the family level using the hmmbuild program of the HMMER 3.1b2 package (<http://hmmer.org/>) ([@B30]). We totally constructed 13 and 30 HMM profiles for acetylation and methylation families, respectively.

For the genome-wide identification of histone regulators, the hmmsearch program of HMMER 3.1b2 was used ([@B30]). The hmmsearch calculates both the log-odds likelihood scores and *E*-values for given protein sequences. Because *E*-values depend on the database size and generate inconsistent results when the database is changed, here realistic constant log-odds likelihood scores were adopted as the threshold values. To evaluate the prediction performance of the HMM identification and specify the cut-off value for each family, the 569 collected histone regulators used for constructing HMM models were taken as the testing dataset. For each family, the known annotated proteins were regarded as positive data (*P*), while all proteins in other families were taken as negative data (*N*) (Supplementary Table S2). Two measurements of sensitivity (*Sn*) and specificity (*Sp*) were defined and calculated as shown below: $$\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}\begin{equation*}Sn = \frac{{TP}}{{TP + FN}},\;{\rm{and}}\;Sp = \frac{{TN}}{{TN + FP}}\end{equation*}\end{document}$$

First, the self-consistency validation was performed directly with the positive data and negative data for each family. To further evaluate the prediction robustness, the leave-one-out validation was also carried out. As an example, the receiver operating characteristic (ROC) curves were drawn and area under ROC values were calculated for eight families of acetylation regulators (Supplementary Figure S2A), and eight families of methylation regulators (Supplementary Figure S2B), respectively. Our results demonstrated that HMM predictions are both accurate and robust (Supplementary Figure S2). To promise that all known histone regulators can be correctly identified and classified in leave-one-out validations (*Sn* = 100%), we manually selected a log-odds likelihood score as the threshold for each family (Figure [1](#F1){ref-type="fig"}). The statistics of the testing data set together with the detailed parameters used for hmmsearch were shown (Supplementary Table S2). Then we used hmmsearch to search potential histone regulators in 148 eukaryotes. Because multiple variant peptides can be generated from a single gene, here we used the Ensembl Gene ID as the unique accession to avoid any redundancy. For a given gene, only the protein with the highest log-odds likelihood score was retained as the representative sequence.

For the four families without HMM profiles (Other of HATs, HD2 of HDACs, Other of HMTs and Other of methyl-readers), we further performed orthologous searches to identify 260 HATs, 96 HDACs, 419 HMTs and 264 methyl-readers from 148 eukaryotic organisms, respectively. As previously described ([@B35]), the strategy of Reciprocal Best Hits (RBH) was chosen, and the blastall program in the BLAST package was utilized ([@B36]). All protein sequences and HMM profiles of histone regulators can be freely downloaded at: <http://weram.biocuckoo.org/download.php>.

In total, we identified and integrated 20 033 histone regulators, including 1337 HATs, 2504 HDACs, 3901 acetyl-readers, 4409 HMTs, 1610 HDMs, 10 949 methyl-readers from 148 eukaryotic species (Supplementary Table S3), whereas a heatmap of the results was visualized using the HemI program (<http://hemi.biocuckoo.org/>) (Supplementary Figure S3) ([@B37]). Averagely, there were 90.4 PTM enzymes and 161.0 readers per animal, 73.4 enzymes and 75.9 readers per plant, and 20.7 enzymes and 23.0 readers per fungus (Supplementary Figure S3). Although the numbers of PTM enzymes and readers are quite similar in plants and fungi, animals generally contain more reader proteins than writers and erasers. We also compared WERAM to an existing database dbHiMo, which mainly focused on the identification of histone-modifying enzymes but not reader proteins in fungi ([@B27]). For eight eukaryotic organisms, we totally identified 1260 histone regulators, whereas dbHiMo only contained 168 histone-modifying enzymes (Supplementary Table S4).

USAGE {#SEC3}
=====

The WERAM database was developed so as to be conveniently used. Here we took a human HMT, Histone-lysine N-methyltransferase 2E (KMT2E), as an example to illustrate the effective usage of WERAM. In order to easily look through the data in WERAM, two approaches were implemented for the browse option: by species or by classification (Figure [2](#F2){ref-type="fig"}). In the option of 'Browse by species', the left tree represents the Ensembl ([@B31]) taxonomy categories, including primates, rodents, laurasiatheria and so on, whereas the right tree represents the phylogenetic relationship of the eukaryotic species in Ensembl (Figure [2A](#F2){ref-type="fig"}). By clicking on the 'Homo sapiens' button, the families of HATs, HDACs, HMTs, HDMs and reader proteins in *H. sapiens* can be visualized (Figure [2A](#F2){ref-type="fig"}). Since the SET1 family belongs to HMTs, users can click on the 'HMT' button to view the family information (Figure [2A](#F2){ref-type="fig"}). Also, WERAM can be further browsed by classification (Figure [2B](#F2){ref-type="fig"}). The left tree represents the hierarchical classification, whereas a representative 3D structure of the catalytic or PTM-binding domain was taken from the Pfam database ([@B33]) and presented on the right for each family, if available (Figure [2B](#F2){ref-type="fig"}). Users can click on the 'SET1' button to visualize the family information across 148 eukaryotes (Figure [2B](#F2){ref-type="fig"}). By either clicking on the 'SET1' button in the HMT group page (Figure [2A](#F2){ref-type="fig"}) or the 'Homo sapiens' button in the SET1 page (Figure [2B](#F2){ref-type="fig"}), the members in human SET1 family can be viewed, while a brief description of SET1 functions and regulatory roles is also available (Figure [2C](#F2){ref-type="fig"}). To organize the database, we used WERAM IDs for the identified HATs, HDACs, HMTs, HDMs and reader proteins, respectively. The Ensembl Gene ID was adopted as the secondary accession (Figure [2C](#F2){ref-type="fig"}). The users can click on the 'WERAM-HOS-0004′ button to view the detailed information of human KMT2E (Figure [2D](#F2){ref-type="fig"}). In addition, WERAM can be queried in an easy-to-use manner with a number of search and advance options (Supplementary Figure S4).

![The browse option of WERAM. Two approaches were provided for browsing the database: (**A**) By species; (**B**) By classifications. (**C**) For a family of histone regulators, a brief description and the associated genes are shown. (**D**) Detailed information of human KMT2E.](gkw1011fig2){#F2}

DISCUSSION {#SEC4}
==========

Acetylation and methylation are two types of greatly important and ubiquitous PTMs in proteins. Besides histones, acetylation and methylation also occur in thousands of non-histone proteins, and participate in the regulation of a broad spectrum of biological processes such as cell metabolism, mitosis and autophagy ([@B12],[@B38],[@B39]). Thus, the identification of acetylation and methylation sites in non-histone proteins is helpful for understanding the molecular mechanisms of the two types of PTMs, beyond epigenetic regulation of gene expression. Due to the data accumulation, a number of data resources have been developed. For example, we recently developed a database of compendium of protein lysine modification (CPLM) for up to 12 types of protein lysine modifications, containing 58 563 acetylation in 20 088 proteins and 1144 methylation sites in 745 substrates ([@B40]). More recently, we further collected and integrated 5421 methyllysines and methylarginines of 2592 proteins from the literature, and designed a computational tool of GPS-MSP for the prediction of methylation types of modified lysine and arginine residues ([@B41]). In addition, dbPTM ([@B42]), HPRD ([@B43]), PHOSIDA ([@B44]), PhosphositePlus ([@B45]) and UniProt ([@B32]) also maintained and annotated known protein acetylation and/or methylation sites.

Although more and more non-histone proteins have been identified to be acetylated or methylated, histone modifications remain to be further analyzed because the histone code is still far from fully understood. Recently, nearly 20 types of PTMs including both well-studied and new PTMs, such as phosphorylation, ubiquitination, crotonylation and succinylation, were discovered in histone variants ([@B1],[@B4],[@B5]). However, the identification of HATs, HDACs, HMTs, HDMs, acetyl- or methyl-binding proteins and site-specific regulator-histones relations is still an attractive challenge, since acetylation and methylation are two most predominant PTMs of histones ([@B3],[@B8]--[@B14],[@B17],[@B18],[@B20]). In 2007, 96 known histone modifying and demodifying enzymes together with 161 site-specific enzyme-histone relations were summarized and shown ([@B17]). Among four core histones, there were 56 acetylation and methylation regulators with 89 enzyme-specific sites in *H. sapiens* ([@B17]). In our study, besides the integration and identification of 20 033 histone regulators from 148 eukaryotes, we also collected 904 known site-specific regulator-histone relations of eight model organisms for acetylation and methylation. For *H. sapiens*, there have been 413 site-specific relations together with 168 histone regulators in the four core histone proteins (Figure [3](#F3){ref-type="fig"}). Most of these regulations were newly identified after 2007. For example, in 2009, it was reported that two human HATs, CBP and p300, acetylate histone H3 on lysine 56 (H3K56), which can be deacetylated by two human HDACs including SIRT1 and SIRT2. Such a regulatory mechanism is conserved, while Drosophila CBP/Nejire and Sir2 carry out acetylation and deacetylation of H3K56 in *D. melanogaster*. Acetylation of H3K56 plays an important role in chromatin assembly and DNA repair, and is significantly associated with cancers ([@B46]). Later, Tropberger *et al.* discovered that p300/CBP-mediated acetylation of H3K122 is induced by estrogen signaling and stimulates gene transcription ([@B47]). More recently, it was demonstrated that an acetylation reader, the bromodomain and PHD finger-containing protein 3 (BRPF3) forms a complex with a human HAT of HBO1, and specifically acetylates H3K14 to ensure efficient activation of DNA replication ([@B48]). Thus, our results greatly expanded the integration of current knowledge on the histone code.

![A snapshot of human histone modifications, containing 413 site-specific regulator-histone relations and 168 histone regulators in four core histones. The starting methionine was not counted when we referred to PTM sites in histones.](gkw1011fig3){#F3}

Taken together, our study not only generated a helpful data resource for further analysis, but also provided a better understanding of histone regulators, histone modifications and site-specific regulator-histone relations. The WERAM database will be continuously updated and improved, when new histone regulators or modifications are reported. Also, the classification and annotation information is still not integrative for several organisms, due to the relatively poor annotation of their genomes. Moreover, more species will be added when the complete proteome sets are available for the proteome-wide identification. In addition, we will further collect regulator-specific acetylation and methylation sites in non-histone proteins and provide a more useful database for protein acetylation and methylation.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkw1011/-/DC1) are available at NAR Online.
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